Mitochondrial transformation of Chlamydomonas reinhardtii has been optimized by using a particle-gun device and cloned mitochondrial DNA or PCR fragments. A respiratory-deficient strain lacking a 1.2-kb mitochondrial DNA region including the left telomere and part of the cob gene could be rescued as well as a double-frameshift mutant in the mitochondrial cox1 and nd1 genes. High transformation efficiency has been achieved (100 -250 transformants per microgram of DNA), the best results being obtained with linearized plasmid DNA. Molecular analysis of the transformants suggests that the right telomere sequence can be copied to reconstruct the left telomere by recombination. In addition, both nondeleterious and deleterious mutations could be introduced. Myxothiazol-resistant transformants have been created by introducing a nucleotide substitution into the cob gene. Similarly, an in-frame deletion of 23 codons has been created in the nd4 mitochondrial gene of both the deleted and frameshift recipient strains. These 23 codons are believed to encode the first transmembrane segment of the ND4 protein. This ⌬nd4 mutation causes a misassembly of complex I, with the accumulation of a subcomplex that is 250-kDa smaller than the wild-type complex I. The availability of efficient mitochondrial transformation in Chlamydomonas provides an invaluable tool for the study of mitochondrial biogenesis and, more specifically, for site-directed mutagenesis of mitochondrially encoded subunits of complex I, of special interest because the yeast Saccharomyces cerevisiae, whose mitochondrial genome can be manipulated virtually at will, is lacking complex I.
C
hlamydomonas reinhardtii is a single-cell eukaryotic alga that is amenable to genetic manipulation and, thus, has been extensively used for studies on photosynthesis, respiration, and cross-talk between the nucleus and chloroplast or mitochondria (1) . Both the nucleus and the chloroplast compartments can be efficiently transformed (2, 3) , and markers have been developed to facilitate the selection of transformants (4, 5) . In contrast, modification or replacement of Chlamydomonas mitochondrial genes has not been routinely performed to date. So far, the only organism whose mitochondrial genome can be manipulated virtually at will is the yeast Saccharomyces cerevisiae (6) (7) (8) . Mitochondrial transformation of other organisms is a current challenge that stimulates extensive research, especially concerning mammalian mitochondrial genomes (9) .
The mitochondrial genome of C. reinhardtii is a 15.8-kb linear molecule containing, at each extremity, telomeres corresponding to inverted repeats of Ϸ500 bp, with 40-bp single-stranded extensions (10) . This genome has been totally sequenced and encodes only eight proteins (Fig. 1 ). Several mutations altering mitochondrial genes encoding apocytochrome b (cob gene) and subunit 1 of cytochrome c oxidase (cox1 gene) have been characterized (11) . Phenotypically, these mutants have lost the capacity to grow under heterotrophic conditions, i.e., in the dark, with acetate as carbon source. In contrast, mutants altered in nd mitochondrial genes, which encode subunits of NADH͞ ubiquinone oxidoreductase (complex I), are able to grow in the dark, but considerably more slowly than the wild-type strain (12, 13) . Most of the mutations located in the cob gene are deletions covering not only the cob gene but also the left telomere, whereas mutations in other genes are usually frameshifts consisting of the deletion or addition of one thymine (14) .
Only two reports of transformation of the mitochondrial genome of Chlamydomonas have been published so far. More than 10 years ago, a mitochondrial mutant deleted for the left telomere and apocytochrome b gene (1.5-kb deletion) was successfully transformed to respiratory competence with partially purified mitochondrial DNA from C. reinhardtii or Chlamydomonas smithii by using a particle-gun device (15) . Very recently, the particle gun was also used to transform the same kind of deletion mutant with cloned mitochondrial DNA or PCR constructs (16) . In both cases, a wild-type mitochondrial genome replaced the deleted genome after selection of transformants under heterotrophic conditions. Transformation efficiency was low (0.4-5 transformants per microgram of DNA) and did not lead to any genetic manipulation of the mitochondrial genome. Moreover, transformation of point mutants failed, and it was concluded that only mitochondrial genomes deleted for their left end could be transformed (16) .
We present here an optimized biolistic transformation procedure of Chlamydomonas mitochondria using cloned mitochondrial DNA or PCR fragments. In contrast to previous reports, both a deletion and a frameshift mutant could be rescued, and high transformation efficiency has been achieved (100-250 transformants per microgram of DNA). Two mutations have been introduced: a nucleotide substitution in the cob gene, conferring resistance to myxothiazol, and an internal deletion in nd4. This deletion probably eliminates the region encoding the first transmembrane segment of the ND4 protein and leads to a misassembly of complex I. These results open the way to reverse genetics with the Chlamydomonas mitochondrial genome and, more specifically, to site-directed mutagenesis of mitochondrially encoded subunits of NADH͞ubiquinone oxidoreductase.
the mutant dum11, which we found to be completely devoid of the left telomere by PCR experiments and Southern blot analysis (data not shown and Fig. 2B ). The transforming DNA was either plasmid or PCR DNA carrying the telomere and cob region deleted in the mutant and extending up to the nd4 gene (pShort), or up to the cox1 gene (pLong and PCR fragments) as described in Materials and Methods and shown in Fig. 1 . Cells were incubated for one night in the light (4,000 lux) before being transferred to the dark. Microcolonies were first detected with a stereoscopic microscope after 4-6 weeks of incubation in the dark. After 2 months of growth in the dark, plates were transferred to dim light (260 lux) for 1 week. Control plates without bombardment did not present any growth, whereas plates bombarded with DNA exhibited colonies in the periphery of the plate, probably because cells in the center were killed by the impact of the beads.
Various parameters of transformation were tested by using the dum11 deletion mutant as recipient strain (see below and Materials and Methods). For the same mitochondrial insert, colonies were obtained with both linearized and supercoiled plasmids as well as PCR fragments. Linearized plasmids and PCR fragments were Ϸ5 and 3 times more efficient than supercoiled plasmids, respectively. Typically, 300-660 transformants were obtained per plate for 3 g of linearized plasmid (pLong⌬) and 200-400 transformants when 1.5 g of Tel͞cox1 PCR fragment were used.
Restoration of the Cytochrome Pathway in dum11 Mitochondrial
Transformants Correlates with Reconstitution of the Telomere and cob Gene. To check whether the cytochrome pathway of respiration was restored in the transformants, an in vivo test was performed on colonies by using 2,3,5-triphenyltetrazolium chloride (TTC). Generally, 95-100% of the transformants were found TTC ϩ and should thus possess a functional cob gene. TTC ϩ clones grew like the wild type in the dark (data not shown). Thirty TTC ϩ clones from a transformation experiment using pShort and thirty TTC ϩ clones from a transformation with a Tel-cox1 PCR fragment were subcloned and analyzed by PCR. All clones contained the cob gene and the left telomere end (data not shown). Undigested DNA of 20 of these TTC ϩ clones was analyzed by Southern blotting using as a probe an nd2 fragment. A unique signal at 15.8 kb was detected in each TTC ϩ transformant as well as in the wild type and corresponded to the wild-type mitochondrial genome (Fig. 2 A, clones T1 to T6). In addition, the mitochondrial genome of the TTC ϩ transformants was linear like in the wild type, because digestion with an enzyme cutting once in the genome (SstI) gave two fragments (data not shown). To the contrary, the mitochondrial genome of six TTC Ϫ clones analyzed in parallel (Fig. 2 A, T7 to T12) presented the same complex pattern as the deleted dum11 recipient strain: monomers with the deletion of 1.2 kb and dimers arising from head-to-head fusions between monomers (17) . Hybridization signals were weak compared with wild type and TTC ϩ transformants, as already observed in deletion mutants (17) , suggesting that the mitochondrial DNA is present in reduced amount in these strains. These TTC Ϫ clones had probably initially been transformed to be able to grow in the dark but might have . Southern blot analysis of mitochondrial transformants using dum11 as recipient strain. (A) TTC ϩ (T1 to T6) and TTC Ϫ (T7 to T12) transformants isolated after transformation by using pShort (T1, T2, T3, T7, T8, and T9) or a Tel͞cox1 PCR fragment (T4, T5, T6, T10, T11, and T12). Total undigested DNA was probed with a nd2 PCR fragment amplified with primers nd2-F͞R (Fig. 1 ). Wild type (WT) and dum11 mutant are shown as controls. Equal amounts (10 g) of each total DNA preparation were loaded per lane. As shown, dum11 and the TTC Ϫ transformants repeatedly gave lower signal intensities, reflecting the fact that deletion mutant strains contain less mitochondrial DNA (17) . (B) TTC ϩ transformants (T13 to T16) isolated after transformation by using a cob-F͞cox1 PCR fragment (T13, T14) or a Tel͞cox1 PCR fragment (T15, T16). Total DNA digested with NcoI was hybridized with a probe covering the telomeric region (primers Tel͞cob-R). The WT and the dum11 mutant are shown as controls. In this case, the dum11 lane has been overloaded to ensure the correct detection of the fragments.
remained heteroplasmic, allowing the recombinant mitochondrial DNA copies to be diluted and eventually lost when the selection pressure was removed by transferring plates into the light. We found that the proportion of these TTC Ϫ clones could reach up to 20% if the plates were kept in the dark for shorter periods of time, e.g., 5-6 weeks instead of 8 weeks.
Total DNA of the TTC ϩ clones was then digested by using restriction enzymes (NcoI and ClaI, Fig. 1 ) that cut in the left part of the genome, and Southern blot analysis was performed by using a probe that covered cob. TTC ϩ clones presented the same restriction profile as the wild-type strain (data not shown). To confirm this observation, the nd4-cob-telomere region of one clone issued from transformation with pShort was sequenced and found to be identical to wild type and donor plasmid DNA. As proposed in refs. 15 and 16, these results are consistent with the interpretation that defective left ends of the recipient mitochondrial genomes were replaced by the corresponding wild-type sequences from the donor DNA.
The Telomeric Region Enhances the Rate of Transformation of the dum11 cob Deletion Mutant but Is Not Essential.
To analyze the role of the telomeric region in the recombination process, transformation experiments of dum11 were also performed by using two different PCR fragments, carrying either the entire 500-bp left telomere (Tel͞cox1 primers) or only 28 bp (cob-F͞cox1 primers).
We found that the presence of the entire left telomere in the donor DNA is essential to reach a high level of transformation (Table 1) . However, a few colonies were reproducibly recovered after transformation with the cob-F͞cox1 PCR product. These clones were TTC ϩ and grew like wild type in the dark. Two of them (T13 and T14) were analyzed by Southern blotting, using as control two TTC ϩ transformants coming from a transformation experiment with the Tel͞cox1 fragment (T15 and T16), the wild type, and the dum11 deletion mutant. After restriction of total DNA by NcoI and hybridization with a probe covering the telomeric region, a fragment of 5.2 kb was detected in all strains and corresponded to the NcoI fragment of the right telomere. Contrary to dum11 and like the wild-type strain, the four transformants displayed the 1.2-kb fragment corresponding to the left extremity of the genome (Fig. 2B) .
Thus, although the presence of the telomeric sequence in the transforming DNA enhances the transformation rate, our data suggest that the information contained in the right telomere can be copied to reconstruct the left telomere.
A Myxothiazol-Resistance Mutation Can Be Stably Introduced by
Transformation of the dum11 cob Deletion Mutant. To test whether the transformation technique could be used to modify or replace mitochondrial genes in Chlamydomonas, we first decided to introduce a nondeleterious mutation into the cob gene. We choose a point mutation conferring resistance to mucidine and myxothiazol (18) located Ϸ60-bp upstream of the putative end of the deletion in the recipient dum11 strain (Fig. 1) .
We used the DNA from a myxothiazol-resistant strain as a template to amplify the Tel-cox1 PCR product and bombard the dum11 recipient. Transformants were selected by growth in the dark and screened by TTC staining. Among 78 TTC ϩ clones picked up from two independent transformation experiments, 69 clones were resistant to myxothiazol in the dark, whereas the other 9 were sensitive like the wild type. The apocytochrome b gene of one sensitive and four resistant clones was sequenced. The four resistant clones showed the substitution responsible for myxothiazol resistance, whereas the sensitive clone exhibited the wild-type sequence. In this latter case, DNA exchange had thus presumably occurred in the 60 bp downstream of the Muresistance mutation (Fig. 1) .
Together, these data show that a nondeleterious mutation can be efficiently integrated into mitochondrial DNA, without direct selection.
Complex I Mutants Bearing a 69-bp Deletion in nd4 Can Be Isolated
After Transformation of the dum11 cob Deletion Mutant. Because a myxothiazol-resistance mutation could be successfully introduced in the cob gene, we tried to integrate a deleterious mutation in a complex I gene. In contrast to a cob mutant, such as dum11, complex I mutants can grow in the dark but much more slowly than the wild type (12) . Thus, we used the dum11 mutant as recipient to shoot the plasmid pLong⌬, which misses codons 2-24 of the nd4 gene (Fig. 1) .
Plates were incubated for 8 weeks in the dark, as usual. After a week in dim light, Chlamydomonas TTC ϩ colonies of medium to small size were picked up and tested by PCR using primers nd4-F͞nd4-R that encompass the deletion (Fig. 1) . In two independent experiments, we obtained three clones bearing the deletion among 90 tested. The PCR amplification showed that two clones were homoplasmic (e.g., Fig. 3, clone D6 ), whereas the last one was heteroplasmic (e.g., Fig. 3 , clone D2) but could be purified to homogeneity by subcloning. These three clones grew slowly in the dark like complex I mutants, whereas the others grew like wild type. To recover ⌬nd4 clones more efficiently, we found, in subsequent experiments, that it was beneficial to first confirm the slow growth in the dark before characterizing the clones by PCR.
We also used pShort⌬ for transformation. pShort⌬ bears the same deletion on a shorter mitochondrial insert (Fig. 1) . Of 31 clones analyzed, 1 was found to be heteroplasmic for the deletion and could not be purified by subcloning, probably because the ⌬nd4-deleted genome was present in too low an amount in this clone (data not shown). This plasmid was not used in further experiments.
The nd4 Deletion Can also Be Introduced in a cox1 nd1 Double Mutant.
Because complex I is composed of several dozens of subunits, it is interesting to study the genetic interactions among them. To Fig. 3 . Detection of the ⌬nd4 mutation by PCR amplification. PCR on 12 transformants (D1 to D12) was performed by using primers nd4-F and nd4-R. D2 and D6 present the 69-bp NdeI deletion in nd4 at the heteroplasmic (D2) and homoplasmic (D6) state. The 100-bp ladder (Eurogentec, Liè ge, Belgium) is shown at the right.
set up a strategy allowing us to create a double mutant in different mitochondrial nd genes, we took advantage of a double mutant (dum19 dum25) harboring a deletion of one T in cox1 and an in-frame deletion of two codons in nd1. Using pLong⌬, we tested whether ⌬nd4-⌬nd1 mutants could be isolated, while restoring the wild-type cox1 and, thus, TTC staining at the same time because of a recombination event upstream of the frameshift mutation in cox1. Fifty TTC ϩ clones were analyzed for their growth in the dark. As expected, they all grew slowly, because the nd1 mutation should be present in all of them. PCR with primers nd4-F͞nd4-R that encompass the deletion showed that one clone (D34) carried the ⌬nd4 deletion. In addition, sequencing results showed that the wild-type cox1 gene sequence was restored, whereas the nd1 mutation was still present in this transformant.
Thus, this experiment shows that a mutant affected in two different nd genes can be created and that a strain still containing the left telomeric region can be used as a recipient for transformation.
The ⌬nd4 Transformants Assemble a Subcomplex Instead of the Full-Size Complex I. The ⌬nd4 (D6) and ⌬nd4-⌬nd1 (D34) mutants were analyzed molecularly. Southern blot analysis revealed that, like the wild-type strain, they contain a linear mitochondrial genome (data not shown).
In Chlamydomonas, the origin of transcription of the mitochondrial genome is bidirectional and would be located between nd5 and cox1 (Fig. 1) . Long cotranscripts are produced, and mature transcripts are generated by precise endonucleolytic cleavage, implying secondary structures made by direct and inverted repeats (19) . Because the nd4 deletion is close to the intergenic region between nd4 and nd5, we investigated its possible impact on the amount of nd4 or nd5 transcripts. Northern blot analysis of the D6 and D34 strains using a nd4 and a nd5 probe did not reveal any difference in either mutant (data not shown).
The rotenone-sensitive NADH͞duroquinone activity of complex I was measured in membrane fractions and was shown to be null in both mutants. Assembly of complex I was then investigated by Blue Native (BN)͞PAGE. Complex I was identified by an NADH͞NBT (nitroblue tetrazolium) staining reaction involving the NADH dehydrogenase activity associated with the peripheral arm of the enzyme (Fig. 4A) . A purple-stained band corresponding to whole complex I was found at 950 kDa for the wild type and the dum19 dum25 mutant. It has been shown that the in-frame deletion in nd1 present in the dum19 dum25 mutant does not affect the assembly and the NADH dehydrogenase activity of complex I (13). In contrast, ⌬nd4 (D6) and ⌬nd4-⌬nd1 (D34) transformants contained low amounts of a subcomplex that was stained in purple and, thus, had retained NADH dehydrogenase activity. This subcomplex migrated Ϸ700 kDa, i.e., was Ϸ250-kDa smaller than the wild-type complex I (Fig.  4A) . Another complex appearing green on the BN gel was also seen at 600 kDa: This complex was not stained by the NADH͞ NBT reaction and could correspond to Photosystem I associated to light-harvesting complex (20) . These results were confirmed by Western blotting using a polyclonal antibody directed against the whole complex I from Neurospora crassa (Fig. 4B) . A similar subcomplex was also observed in the dum22 mutant carrying a large deletion of the left part of the genome, including cob and 300 bp of the 3Ј end of nd4 (13) .
Discussion
The ability to genetically transform an organism by introducing DNA into its nuclear and͞or organellar genome greatly enhances its utility as a model system for experimental research. In this study, we describe an efficient method to transform Chlamydomonas mitochondria. In contrast to reports in refs. 15 and 16, both point mutations and deletions Ͼ1 kb could be rescued, and several hundreds of colonies were recovered in transformation assays, allowing a detailed phenotypical and molecular analysis of transformants. Chlamydomonas represents, therefore, the first photosynthetic organism whose mitochondrial genome can be easily manipulated.
An interesting molecular feature of the recombination after the transformation is the fact that a strain lacking both the cob gene and the left telomere could be rescued, even when the transforming DNA is nearly completely devoid of the left telomere, suggesting that this end could be reconstructed through a recombination event involving the very short portion of the left telomere (28 bp) present on the transforming DNA and the right telomere of the endogenous mitochondrial DNA.
Whatever the construct or the recipient strain used, the selection process was generally extremely slow, and, even after 2 months in the dark, heteroplasmic clones could still be found. Because microcolonies transferred from darkness to light contain only a small number of cells (200 at most), the number of divisions was probably not always sufficient to allow the complete segregation of recombinant and recipient mitochondrial genomes. To speed up the selection process, we made several attempts to develop a cotransformation strategy allowing a primary selection in the light by bombarding the recipient strain simultaneously with two different plasmids, one carrying a nuclear marker and the other containing the mitochondrial DNA of interest (data not shown). Nuclear transformants were first selected in the light and then tested for growth in the dark or TTC staining to detect concomitant mitochondrial transformation events. This type of selection procedure is commonly used for yeast mitochondrial transformation (8) . However, these experiments were not successful in our hands, and direct selection for the mitochondrial transformants, although lengthy appears to be the most efficient strategy. 4 . Analysis of mitochondrial NADH dehydrogenases from ⌬nd4 transformants after BN͞PAGE. (A) Membrane extracts (120 g of protein) of wild type, dum19 dum25, dum22, and two transformants. D6 carries the ⌬nd4 mutation, and D34 harbors both the ⌬nd4 and dum25 mutations. The NADH͞ NBT staining revealed purple bands corresponding to complexes at 950 and 700 kDa. The green 600-kDa complex, which is not detected by the staining, is shown as a loading control and probably corresponds to Photosystem I associated to light-harvesting complex (20) . (B) The gel was blotted and probed with an antiserum against the N. crassa whole complex I.
In addition, using this direct-selection scheme, we demonstrate that slowly growing complex I mutants can be recovered after transformation of cob or cox1-⌬nd1 mutants. The ⌬nd4 deletion that we have constructed this way removes a region that probably codes part of the first transmembrane domain of ND4 according to the topology identified in prokaryotic NUOM corresponding to mitochondrial ND4 (21) . Both ⌬nd4 and ⌬nd4-⌬nd1 transformants showed a subcomplex that is 250-kDa smaller than the full-size complex I of the wild type. A similar situation was found in strains with larger deletions in nd4, such as dum22 (13) , suggesting that the deleted part of ND4 plays an important role in the assembly of a module of 250 kDa or its attachment to the 700-kDa subcomplex. However, one cannot rule out a synthesis defect of ND4 that could be due to a modified nucleotide context downstream of the initiation codon, even though the nd4 RNA level is unaffected. Unfortunately, antibodies recognizing ND4 are not available to test whether the protein is produced and stable. Moreover, because ND1 is thought to be part of the 700-kDa subcomplex (13, 22) , our data imply that the 6-bp in-frame deletion in nd1, which does not destabilize the whole complex I (13), also has no effect on the stability of the 700-kDa subcomplex when present simultaneously with the ⌬nd4 mutation. More generally, our data demonstrate the feasibility of site-directed mutagenesis of the very hydrophobic mitochondrially encoded subunits located in the membrane domain of complex I.
Deficiencies in complex I activity due to mutations in mitochondrially or nuclear-encoded subunits have been implicated in the development of several human diseases, including Parkinson's disease (23, 24) . The relationship between gene alterations and clinical disease symptoms often remains obscure. Because direct studies of human material are subject to strong restrictions and, in particular, many complex I patients die young, the development of nonhuman models of diseases is desirable. Whereas site-directed mutagenesis of nuclear-encoded subunits is possible in mammals (25) , Neurospora crassa (26) , and Yarrowia lipolytica (27) , models in mitochondrially encoded subunits are not yet available because of specific difficulties associated with gene replacement in mitochondria. Mitochondrial gene mutagenesis is routinely performed in S. cerevisiae, but this organism lacks a respiratory NADH:ubiquinone oxidoreductase. Reconstructing pathogenic mutations in bacteria is unsatisfactory, because the membrane domain of eukaryotic complex I contains many more subunits than the prokaryotic domain (23 versus 7) (28), and it has not yet been demonstrated that the seven common subunits that are mitochondrially encoded in eukaryotes are located exactly at the same position in the membrane domain. Chlamydomonas NADH-dehydrogenase has a complexity and organization that is similar to its human counterpart, the mitochondrially encoded subunits being well conserved (29) . Reconstruction of pathogenic mutations in Chlamydomonas would help to promote basic research on complex I that will eventually provide a better understanding of how these alterations interfere with enzyme function at a molecular level. More generally, the transformation procedure presented above will allow a systematic analysis of mitochondrial gene function and expression in Chlamydomonas.
Materials and Methods
Strains and Growth Conditions. Strains used in this work are derived from strain 137c of C. reinhardtii. Strain Mu, whose DNA was used as template for PCR amplifications, contains, in codon 129 of the cob gene, a T-to-C substitution, conferring resistance to myxothiazol and mucidine (18) . Dum22 is a deletion mutant lacking the left telomere, the cob gene, and part of the nd4 gene (14) and was used as a control. The two strains described below were used as recipients for the biolistic transformation. The mutant dum11 (17, 30) exhibits a 1.2-kb deletion extending beyond codon 147 of cob, responsible for loss of complex III activity. The double mutant dum19 dum25 bears a one-T deletion at codon 152 of cox1 (dum19 mutation), responsible for loss of complex IV activity, and an in-frame deletion of two codons at positions 199-200 of nd1 (dum25 mutation), responsible for loss of NADH͞duroquinone oxidoreductase activity (12) . Cells were routinely grown under mixotrophic conditions, i.e., under light (4,000 lux) on Tris-acetate phosphate (TAP) medium (31) .
Phenotypical Analyses. Under anaerobic conditions, the electrons of the respiratory chain can be transferred by cytochrome c oxidase to TTC, which is then reduced to red formazan (32) . Contrary to the deleted recipient strain dum11, which remains green in the dark when overlaid with TTC, strains that possess an intact cytochrome pathway of respiration (functional complex III and complex IV) become brown. The TTC test was performed, essentially as described in ref. 17 , by pouring 15 ml of a 0.05% TTC and 0.5% agar solution onto TAP medium plates containing 60 replica-plated transformants. Plates were incubated in the dark overnight.
Growth of colonies in the dark was tested by spotting 10 l of cell suspension (10 6 to 10 7 cells per ml) on TAP agar plates and incubating the plates for 10 days in the dark.
Resistance to myxothiazol was tested in the dark as described above on TAP agar plates containing 2.4 M myxothiazol (18) .
PCR, DNA, and RNA Analyses. C. reinhardtii total nucleic acids were prepared according to ref. 33 . PCR fragments were amplified either from total DNA or directly on Chlamydomonas colonies according to a protocol derived from ref. 15 using Pfu or Taq polymerase. Sequencing was performed directly on amplified products by Genome Express (Grenoble, France).
Southern and Northern blots were performed according to standard protocols (34) . PCR fragments labeled with digoxigenin were used as probes and detected as recommended by the manufacturer (Roche Molecular Biology).
DNA Constructs Used for Chlamydomonas Transformation.
A mitochondrial PCR fragment was amplified from total C. reinhardtii DNA by using the Pfu polymerase (Promega) and primers Tel and nd4-R (Fig. 1) , containing 5Ј-end extensions, allowing for cloning by recombination in the vector pDNR-Dual (4.9 kb, BD Biosciences). These extensions were acgaagttatcacccggg for Tel and cgaatggtctagcccggg (SmaI restriction site) for nd4-R. The resulting plasmid, called pShort, contains the first 3,301 bp of the mitochondrial genome (GenBank accession no. U03843), including the left telomere, the cob and nd4 genes, and 257 bp of the intergenic nd4-nd5 region (Fig. 1) . A PCR fragment was amplified by using primers Tel and cox1 containing 5Ј-end extensions and inserted in the same vector to obtain pLong. The 5Ј-end extension of the cox1 primer was identical to the one of nd4-R. This plasmid contains the first 6,653 bp of the mitochondrial genome, including the left telomere, the cob, nd4, nd5, and cox1 genes and 30 bp of the intergenic cox1-nd2 region. To obtain plasmids pShort⌬ and pLong⌬, we took advantage of two NdeI restriction sites (ca͞tatg) located at positions 2,974 and 3,043. Digestion by NdeI followed by religation removed the first 23 codons of nd4. Because the 24th codon is an ATG, this resulted in an in-frame deletion eliminating codons 2-24 while leaving an intact ATG initiation codon at the beginning of the shortened nd4 sequence (Fig. 1) . The sequencing of these mitochondrial inserts did not reveal any differences with the published sequences (GenBank accession no. U03843). These plasmids were difficult to clone and to amplify in E. coli, perhaps because of the presence of the telomeric region. For transformation experiments, they were used at a concentration of 1-2 g͞l and, if desired, linearized with BglI.
PCR fragments used for transformation were amplified with primers Tel͞cox1 or cob-F͞cox1, precipitated, and used at a concentration of 1-2 g͞l for the bombardments.
Transformation Procedure. Cells were grown in liquid TAP medium up to exponential phase (2-3 ϫ10 6 cells) and spread at high density on TAP (1-cm thick, 1.5% wt͞vol agar) plates (10 8 cells per plate). The thickness of the agar avoided its damage by the combined action of the vacuum and the helium burst. Plates were bombarded with tungsten beads coated with DNA by using a Bio-Rad PDS-1000He apparatus under a pressure of 1,100 psi and a partial vacuum in the chamber corresponding to a reading of at least 29 inches Hg, according to ref. 8 . The highest transformation rates were obtained with rupture disks of 1,100 psi rather than 1,350 psi and with plates positioned at 7 cm from the macrocarrier assembly (second level from the bottom). Generally, we found that the use of stopping screens mildly enhances the rate of transformation.
Enzyme Activity and Analysis of Protein Complexes. Rotenonesensitive NADH͞duroquinone oxidoreductase activity of complex I was measured in membrane fractions from cells disrupted by sonication (12) .
For detection of active complex I in gels, protein complexes were solubilized from membrane fractions by 0.9% (wt͞vol) N-dodecylmaltoside, separated by BN͞PAGE and stained for NADH dehydrogenase activity by using nitroblue tetrazolium as an electron acceptor (13) . BN gels were electroblotted according to ref. 35 . Polyclonal antibodies against the whole complex I from N. crassa were used for immunodetection by using the ECL kit (Roche Molecular Biology) with anti-rabbit POD-conjugated antibodies.
